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Touring the landscapes: partially folded proteins examined by
hydrogen exchange
Aaron K Chamberlain and Susan Marqusee*
Recent studies on Escherichia coli ribonuclease H and
several other proteins reveal a specific region in each
protein that remains structured in partially folded
conformations. These regions play a dominant role in
determining the fold and stability of the protein.
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Recent experimental and theoretical advances have led to
a new appreciation of the energy landscape of a protein. It
is now clear that a complete understanding of the struc-
ture and function of proteins does not reside solely in the
beautiful three-dimensional fold of the native conforma-
tion. The intermediate states (the partially folded confor-
mations accessible to a protein) are important not only for
the fold and stability of the protein, but also for a myriad
of biological functions, both under normal and pathologi-
cal conditions. In vivo, partially folded conformations are
thought to occur when proteins are bound to chaperones or
translocated across membranes. Intermediate folded states
may be involved in the recognition of specific ligands and
in the creation of large, insoluble fibers called amyloid
plaques, which are associated with a variety of neurode-
generative diseases. Despite their importance, such par-
tially folded species are not well understood—they have
been elusive and difficult to study. Because of the cooper-
ative nature of protein folding partially folded states are
rarely populated, and as they represent ensembles of struc-
tures they are less amenable to traditional structural tools
such as X-ray crystallography and NMR.
The highly specific and sensitive technique of amide
hydrogen exchange has overcome many of the inherent
difficulties in studying partially folded conformations of
proteins [1]. The rate at which an amide hydrogen ex-
changes with solvent provides information about the struc-
ture and stability of that amide site. The exchange rate
can be determined by placing a protonated protein into
deuterated solvents and monitoring a signal from NMR or
mass spectrometry. As many backbone amide hydrogens
can be monitored individually, the specific folded regions
in a molecule can be identified and the exchange reaction
can be carried out under a variety of solution conditions.
Over the past ten years, amide hydrogen exchange tech-
niques have been developed which have allowed the char-
acterization of a number of different partially folded states:
heterogeneous equilibrium molten globule states; rare,
partially folded conformations in equilibrium with the nat-
ive conformation; and transient intermediates in the kin-
etic folding process. Amide hydrogen exchange gives
information about partially folded conformations with a
flexibility, sensitivity and resolution previously not imag-
ined. We review here a recent series of experiments prob-
ing the different partially folded conformations of the
protein ribonuclease H (RNase H).
Ribonuclease H
Over the past year, we have used hydrogen exchange to
study three different types of intermediates of E. coli
RNase H (the acid molten globule, the higher energy
conformations of the native state and a kinetic folding
intermediate). By comparing the results of these kinetic
and equilibrium experiments, we have come to a some-
what surprising conclusion: all of these partially folded
conformations are structured in the same specific regions
of the protein.
The acid state molten globule
Like many proteins, RNase H adopts a molten globule
state at low pH [2]. In accordance with the classical defin-
ition [3], the RNase H molten globule has a significant
level of secondary structure, but lacks the specific tertiary
interactions that define native proteins. The structured
regions of this state were probed indirectly by measuring
amide hydrogen exchange rates [4]. Amide protons in the
molten globule were allowed to exchange for solvent deu-
terons over a period of minutes to hours before exchange
was quenched by returning the protein to native condi-
tions. In the native conformation, 40 protons are extreme-
ly slow to exchange and serve as structural probes for the
acid state molten globule. The measured rates of hydro-
gen exchange (kobs) are compared to those for an unfol-
ded amide (kch) under the same conditions to yield a
protection factor, P (= kobs/ kch). A protection factor of 100
implies that the structure of the protein slows exchange
by 100-fold.
Structure in the acid state molten globule of RNase H is
not distributed uniformly throughout the molecule. Rather,
the molten globule is structured in a specific helical region
of the protein. Regions corresponding to two helices, A and
D, show protection in the order of 10–350 whereas the b -
sheet region of the protein appears to be unstructured with
protection <5 (see Fig. 1a). These protection factors are
exceedingly small when compared to the protection of the
native state (106 to 107) [5] and reflect the mobility inher-
ent in this non-native state. Such marginal stability in a
select region or subdomain of a protein has also been ob-
served for the three other acid state molten globules char-
acterized by hydrogen exchange (see below).
Rare high-energy conformations in the native state
For native proteins, the success of the two-state approxi-
mation (only the native and unfolded states are observed)
suggests that any intermediate conformations that may
exist in equilibrium with the native state are only weakly
populated. Recently, the development of a new technique,
termed ‘native state hydrogen exchange’ [5,6], has allowed
a glimpse at the structure and stabilities of these rare con-
formations. In this technique, hydrogen exchange is stud-
ied as a function of low levels of denaturant. For the
protons whose hydrogen exchange rate is accelerated by
denaturant, the observed exchange rates reflect the rare
transitions to other conformations (unfolded or partially
unfolded forms). Although >99.9% of the molecules are in
the native conformation, they are not detected: they do not
participate in hydrogen exchange without undergoing an
‘opening’ transition (Fig. 2). Under ‘EX2’ conditions [7,8],
in which the conformation change is in pre-equilibrium
before the actual hydrogen exchange step, the observed
hydrogen exchange rate gives information about the equi-
librium constant or the free energy difference between the
native conformation and a partially unfolded conformation.
To date, this technique has successfully revealed rare par-
tially unfolded forms of two proteins, RNase H [5] and
cytochrome c [6].
In the native state of RNase H, helices A and D were
found to be the most stable elements with an average sta-
bility of ~10.0 kcal/mol in the absence of denaturant (Figs
1b and 3). This value correlates with the global stability
of the protein, implying that global unfolding is necessary
for the amide protons in these helices to exchange. Helix
B and b strand 4 are unfolded more often (D G = 8.7 kcal/
mol) while the remaining regions are even less stable
( D G = 7.4 kcal/mol). These stabilities reflect a rare popu-
lation of partially unfolded conformations that are less
stable than the native form, and hence give experimental
insight into the relationship between the free energy and
the conformations available to the protein (i.e. its ‘free
energy landscape’).
The free energy landscape of RNase H can be modeled
into a sequential folding pathway. In this model, the most
stable elements in the native state (helices A and D) fold
first and have a stability 1.3 kcal/mol greater than that of
the completely unfolded conformation. Similarly, a con-
formation with helices A, D and B and b strand 4 folded,
but with the remaining protons unfolded, would have a
stability of 2.6 kcal/mol. These partially folded species
deduced from an equilibrium experiment have been com-
pared to the intermediates observed during kinetic re-
folding experiments.
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Figure 1
A comparison of the partially folded forms of RNase H. (a) The
structured regions of the acid state molten globule conformation
(pH 1). Amide sites are colored according to protection factor, P: blue
> P = 10 > green > P = 5 > red [4]. (b) The stability of amide sites in the
native state [5]. Helices A and D (blue) require an average of
10.0 kcal/mol to unfold, helix B and b strand 4 (green) require an
average of 8.7 kcal/mol, and the remaining protons in helices C and E
and b strands 1, 2, 3, and 5 (red) require an average of 7.4 kcal/mol.
(c) The structured regions of the kinetic intermediate formed within
14 ms after dilution from the denaturant [10]. Well-protected amide
sites are colored blue, slightly protected sites are in green and
unprotected sites are in red. The results are displayed on the native
structure of RNase H [24]. (This figure was reproduced from [10] with
permission.)
Transient kinetic folding intermediate
During the refolding of RNase H, after dilution from denat-
urant, the protein forms a partially folded conformation
within ~14ms that resembles the acid state molten globule
[9,10]. The structure of this transient intermediate was
probed [10] using a technique developed in the late 1980’s
called pulse labeling hydrogen exchange [11,12]. The
deuterated protein is allowed to fold for various lengths of
time before the unstructured regions are ‘marked’ by a
quick pulse of protons that exchange with the amide
deuterons. In the RNase H kinetic intermediate (Fig. 1c),
helices A, D and E and b strand 4 remain deuterated and
are structured (no kinetic data are available on helix B). By
adjusting the pH at which the actual exchange occurs, the
protection factors of the RNase H intermediate were shown
to range up to 230. These protection factors are similar in
magnitude to those observed for the acid state molten
globule and again indicate the flexibility and lack of persis-
tent structure in this transient species.
The remarkable aspect of these three experiments is that
regardless of whether the technique focuses on kinetic or
thermodynamic intermediates, the same areas of RNase
H are seen to be structured. The equilibrium intermedi-
ates are detected because they are in local minima of sta-
bility, whereas kinetic intermediates accumulate during
folding because of a large free energy barrier blocking
their progress to the native conformation. As these experi-
ments probe different features of the protein free energy
landscape, there is no reason to expect a priori that the
partially folded conformations should be similar. RNase
H appears to fold in a hierarchical fashion in which the
most stable elements fold first. Is the correlation we see
for RNase H merely a coincidence or do the same fea-
tures of the protein sequence that govern its stability dic-
tate its folding?
Comparison with intermediate states of other proteins
The acid state molten globule and kinetic intermediates
Structures for the acid state molten globule of three
other proteins, apomyoglobin [13], a -lactalbumin [14] and
cytochrome c [15], have also been determined by amide
hydrogen exchange. In all of these proteins, the struc-
tured regions of the molten globule ensemble comprise a
set of helices, although the native conformations of apo-
myoglobin and cytochrome c do not contain b sheets. It
had previously been proposed that molten globules and
kinetic intermediates are related [16], but the first hydro-
gen exchange results demonstrating that they had simi-
larly folded regions came from analyses of apomyoglobin
[13,17]. For RNase H, apomyoglobin and a -lactalbumin
[18], the equilibrium molten globules resemble the kin-
etic folding intermediates. The molten globule state of
cytochrome c, however, appears to be much more or-
dered with no measurable kinetic barrier between it and
the native state [19].
Rare partially unfolded conformations and the kinetic folding
pathway
Cytochrome c is the only other protein besides RNase H
for which the rare partially folded structures under native
conditions have been identified [6]. Cytochrome c has
four separate regions of unfolding. The most stable region,
comprising the N- and C-terminal helices, has a stability
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Figure 2
Opening reactions allow hydrogen exchange.
Protons which are protected in the native
conformation must undergo a transient
‘opening’ event to allow hydrogen exchange.
This opening transition can either be an
unfolding of the protein or a local fluctuation.
An ‘open’ amide site is assumed to exchange
with a rate equivalent to that determined from
model dipeptides [25]. Unfolding events can
be distinguished from fluctuations by following
hydrogen exchange as a function of
denaturant. An arbitrary amide site is shown
as unexchanged (red) or exchanged (green).
to hydrogen exchange equal to that measured for global
unfolding. These two helices interact in the native struc-
ture, but have a packing arrangement different to that of
helices A and D of RNase H. The folding kinetics of cyto-
chrome c are affected by the non-native ligation of the
covalently bound heme group [19], but even with this
complication the results of the pulse labeling and native
state exchange experiments are similar to RNase H. The
first region to acquire protection is that containing the
most stable elements, the N- and C-terminal helices [12]. 
In contrast to the results for RNase H and cytochrome c,
the kinetic and equilibrium intermediate states of the pro-
tein barnase do not contain the same folded regions [20–
22]. The hydrogen exchange kinetics used to detect par-
tially folded species under native conditions show a devia-
tion from EX2 behavior and thus the exchange rates for this
protein do not represent the stability of the individual
amide sites. Although some native state hydrogen exchange
data are available for ribonuclease A [23], no partially un-
folded species have been detected to date. 
Conclusions
For most proteins for which data are available, the partially
folded conformations are similar whether formed in kinetic
or equilibrium experiments. This may reflect the relative
importance of different regions in determining the native
conformation, as disruption of the structure by different
means yields the same partially folded structure. The simi-
larities seen for kinetic and equilibrium intermediates sug-
gests a hierarchical model of folding in which folding
proceeds through the formation of increasingly stable ele-
ments of native-like structure. Detecting non-native inter-
mediates, however, is difficult due to the need to quench
exchange in the native state, and therefore all results to
date are biased by the native conformation. 
In summary, amide hydrogen exchange is extremely sensi-
tive to the loss or acquisition of structure within select
regions of a protein. The exact structural transitions which
allow exchange must be probed in order to truly understand
the conformation of these exchange competent species.
This knowledge may help us to address many important
issues in protein folding. What is the nature of the transition
state of folding? Is the barrier to folding entropic or
enthalpic in nature? Why are certain areas of the protein
structure dominant in both (or either) the kinetics and ther-
modynamics of protein folding? How do proteins change
conformation so as to form insoluble fibers? The answers to
these questions lie on the horizon for protein folders and
must be addressed in order to understand the fundamental
interactions dictating the folding, or misfolding, of proteins.
Acknowledgements
We would like to thank all the members of the Marqusee lab for discussion
and critical reading of the manuscript. Some of the work discussed here
was funded by a grant from the NIH (GM50945), the Keck foundation and a
Beckman Young Investigator Award (SM).
References
1. Englander, S.W., Sosnick, T.R., Englander, J.J. & Mayne, L. (1996).
Mechanisms and uses of hydrogen exchange. Curr. Opin. Struct. Biol.
6, 18–23.
2. Dabora, J.M. & Marqusee, S. (1994). Equilibrium unfolding of
Escherichia coli ribonuclease H: characterization of a partially folded
state. Protein Sci. 3, 1401–1408.
3. Kuwajima, K. (1989). The molten globule state as a clue for
understanding the folding and cooperativity of globular-protein
structure. Proteins 6, 87–103.
4. Dabora, J.M., Pelton, J.G. & Marqusee, S. (1996). Structure of the acid
state of Escherichia coli ribonuclease HI. Biochemistry 35,
11951–11958.
5. Chamberlain, A.K., Handel, T.M. & Marqusee, S. (1996). Detection of
rare partially folded molecules in equilibrium with the native
conformation of RNaseH. Nat. Struct. Biol. 3, 782–787.
6. Bai, Y., Sosnick, T.R., Mayne, L. & Englander, S.W. (1995). Protein
folding intermediates: native-state hydrogen exchange. Science 269,
192–197.
7. Hvidt, A. & Nielsen, S.O. (1966). Hydrogen exchange in proteins. Adv.
Protein Chem. 21, 288–386.
8. Englander, S.W. & Kallenbach, N.R. (1983). Hydrogen exchange and
structural dynamics of proteins and nucleic acids. Q Rev. Biophys. 16,
521–655.
9. Yamasaki, K., Ogasahara, K., Yutani, K., Oobatake, M. & Kanaya, S.
(1995). Folding pathway of Escherichia coli ribonuclease HI: a
circular dichroism, fluorescence, and NMR study. Biochemistry 34,
16552–16562.
862 Structure 1997, Vol 5 No 7
Figure 3
The free energy required to allow hydrogen exchange of nine protons
in RNase H. The protons in helices A and D (blue) are part of the most
stable region of the protein whereas protons in helix B and b strand 4
(green) have intermediate stability and the remaining protons (red)
have the lowest stability. We define ‘unfolding’ events as those
promoted by denaturant (i.e. D G decreases with increasing guanidine
concentration) and local fluctuations to be those events which are
insensitive to denaturant (i.e. D G is constant with increasing guanidine
concentration). The protons marked as squares exchange through
unfolding events at all guanidine concentrations, but some protons
(diamonds) are influenced by local fluctuations at low levels of
guanidine. Triangles and circles represent other protons. The inset
shows the fraction of folded molecules, as determined by circular
dichroism (Ff), as a function of guanidine concentration, [GdmCI]. The
trace demonstrates that the amount of denaturant used in the
hydrogen exchange experiments has no effect on the apparent fraction
of folded molecules. (Figure reproduced from [5] with permission.)
10. Raschke, T.M. & Marqusee, S. (1997). The kinetic folding intermediate
of ribonuclease H resembles the acid molten globule and partially
unfolded molecules detected under native conditions. Nat. Struct.
Biol. 4, 298–304.
11. Udgaonkar, J.B. & Baldwin, R.L. (1988). NMR evidence for an early
framework intermediate on the folding pathway of ribonuclease A.
Nature 335, 694–699.
12. Roder, H., Elove, G.A. & Englander, S.W. (1988). Structural
characterization of folding intermediates in cytochrome c by H-
exchange labelling and proton NMR. Nature 335, 700–704.
13. Hughson, F.M., Wright, P.E. & Baldwin, R.L. (1990). Structural
characterization of a partly folded apomyoglobin intermediate. Science
249, 1544–1548.
14. Schulman, B.A., Redfield, C., Peng, Z.Y., Dobson, C.M. & Kim, P.S.
(1995). Different subdomains are most protected from hydrogen
exchange in the molten globule and native states of human alpha-
lactalbumin. J. Mol. Biol. 253, 651–657.
15. Jeng, M.F. & Englander, S.W. (1991). Stable submolecular folding
units in a non-compact form of cytochrome c. J. Mol. Biol. 221,
1045–1061.
16. Ptitsyn, O.B., Pain, R.H., Semisotnov, G.V., Zerovnik, E. & Razgulyaev,
O.I. (1990). Evidence for a molten globule state as a general
intermediate in protein folding. FEBS Lett. 262, 20–24.
17. Jennings, P.A. & Wright, P.E. (1993). Formation of a molten globule
intermediate early in the kinetic folding pathway of apomyoglobin.
Science 262, 892–896.
18. Arai, M. & Kuwajima, K. (1996). Rapid formation of a molten globule
intermediate in refolding of alpha-lactalbumin. Fold. Des. 1, 275–287.
19. Sosnick, T.R., Mayne, L., Hiller, R. & Englander, S.W. (1994). The
barriers in protein folding. Nat. Struct. Biol. 1, 149–156. 
20. Clarke, J., Hounslow, A.M., Bycroft, M. & Fersht, A.R. (1993). Local
breathing and global unfolding in hydrogen exchange of barnase and
its relationship to protein folding pathways. Proc. Natl. Acad. Sci.
USA 90, 9837–9841.
21. Perrett, S., Clarke, J., Hounslow, A.M. & Fersht, A.R. (1995).
Relationship between equilibrium amide proton exchange behavior
and the folding pathway of barnase. Biochemistry 34, 9288–9298. 
22. Clarke, J. & Fersht, A.R. (1996). An evaluation of the use of hydrogen
exchange at equilibrium to probe intermediates on the protein folding
pathway. Fold. Des. 1, 243–254.
23. Mayo, S.L. & Baldwin, R.L. (1993). Guanidinium chloride induction of
partial unfolding in amide proton exchange in RNase A. Science 262,
873–876.
24. Katayanagi, K., et al., & Morikawa, K. (1990). Three-dimensional
structure of ribonuclease H from E. coli. Nature 347, 306–309.
25. Bai, Y., Milne, J.S., Mayne, L. & Englander, S.W. (1993). Primary
structure effects on peptide group hydrogen exchange. Proteins 17,
75–86.
Minireview  Partially folded proteins Chamberlain and Marqusee    863
